Introduction
Accuracy of pedigree records plays a key role in estimating reliable genetic parameters in animal husbandry. In this regard, mating and birth records are especially important in small ruminants reared under extensive conditions. Pedigree information verified by paternity testing is indispensable for genetic evaluation. Pedigree errors reduce genetic progress, due to incorrect estimation of breeding value. Pedigree errors mentioned in previous studies in livestock were in the range of 10%-23% (1) (2) (3) (4) . Pedigree errors have adverse effects on animal breeding programs and make it difficult to achieve the objectives of the breeding organization involved (1, (5) (6) (7) (8) (9) (10) (11) (12) (13) . Molecular genetic techniques are very useful tools in the paternity analysis, genetic diversity studies, and genome mapping of livestock (14, 15) . Among these techniques, molecular genetics-based paternity tests in particular provide an important contribution to animal husbandry. Nowadays, DNA-based genetic analysis methods are being widely used in paternity testing instead of methods using blood groups, protein and enzyme polymorphisms, and the human leukocyte antigen (HLA), which have low reliability (10, 16) . In cases where there is doubt, paternity testing may be used as a scientific method to determine the biological father of unknown progeny in livestock and wild populations in order to obtain accurate pedigree information (17) . The most commonly used DNA-based genetic analysis methods in paternity analysis are microsatellites and SNP methods (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . The aim of this study was to verify the results of controlled mating in Kangal Akkaraman sheep and to demonstrate the availability of paternity test panels using microsatellites for cheap, fast, and reliable paternity testing.
Materials and methods
This study was conducted under the Kangal Akkaraman sheep breeding project funded by the General Directorate of Agricultural Research and Policies (GDAR).
Animal material
The animal material in the study consisted of 175 Kangal Akkaraman sheep (35 rams and 140 of their possible offspring), belonging to 35 flocks of a Kangal Akkaraman sheep breeding project in Sivas Province (Figure) . Controlled hand-mating was implemented in selected farms for pedigree records.
Blood samples and DNA isolation
Using vacutainer tubes containing the anticoagulant K3-EDTA, blood samples were collected from rams during the breeding season and from their lambs at weaning (3 months after birth). Genomic DNA was extracted from the blood samples using a commercial DNA kit. A DNA spectrophotometer (Thermo Scientific NanoDrop ND2000, Thermo Fisher Scientific, Waltham, MA, USA) was used to determine the quality and quantity of the DNA samples.
PCR and fragment analysis
Seventeen microsatellite markers (Table 1) recommended by FAO (28) and labeled with fluorescent dye (D2, D3, and D4) (Sigma® Life Science) were used for genotyping the animal material studied. Two multiplex groups were formed according to the allelic size range of the microsatellites. Polymerase chain reaction (PCR) realized according to Touchdown PCR protocol was applied in a 10-μL PCR mixture. Each amount of mixture included 0.1 μM/each primer, 0.2 mM dNTPs (Applied Biological Materials Inc., Richmond, BC, Canada), 2.0 mM MgCl 2 , 1X PCR buffer, 1U of Taq DNA polymerase (Applied Biological Materials Inc.), and ~50 ng genomic DNA ( Table 2) . Fragment analysis was performed by using the capillary electrophoresis method on the GenomeLab GeXP Genetic Analysis System (Beckman Coulter, Inc., Brea, CA, USA). Beckman GeXP fragment analysis software was used to determine fragment sizes for the microsatellite markers used.
Statistical analysis and formation of the new paternity test panels
The number of alleles per locus (Na), mean number of alleles (MNa), number of effective alleles (Ne), observed heterozygosity (Ho), expected heterozygosity (He), and Hardy-Weinberg equilibrium (HWE) were calculated using GenAlEx genetic analysis software (29, 30) . The polymorphic information content (PIC), probability of exclusion (PE), combined probability of exclusion (CPE), probability of identity (PI), combined probability of identity (CPI), and null allele frequencies (F[Null]) were calculated by using Cervus software, v3.0.3 (31, 32) . A total of 17 paternity test panels, formed according to individual exclusion probability (PE) of microsatellites (Table 3) , were analyzed according to the paternity analysis parameters.
Results
Genetic variability and paternity analysis results for each microsatellite locus obtained from this study are given in Table 4 . A total of 240 different alleles were detected across all microsatellite markers studied. The observed number of alleles (Na) ranged from 8 (OarCP34) to 21 (HSC). The mean number of alleles was 14.12 in this study.
It can be said that the microsatellite markers used have high polymorphism, according to the Na, Ne, MNa, and PIC values obtained from the present study. The means of He and Ho for all studied loci were 0.76 and 0.80, respectively.
The highest and the lowest values of the individual PE were found in HSC (0.629) and BM1329 (0.292), respectively. The population deviated from HWE for investigated loci with the exception of OarFCB304. Pedigree error was defined as 2.86% (4/140) based on the paternity analysis in this study.
Statistical values obtained from the paternity test panels, formed in accordance with the individual PE, are given in Table 5 . The highest MNa ranged from 14.08 (Panel-12) to 19.00 (Panel-1). It is noteworthy that there is a linear relationship between the PIC and PE values obtained from the panels.
The highest and the lowest CPE values were observed in Panel-16 (0.9999771) and Panel-1 (0.8482247), respectively. In addition, it was clearly seen that microsatellites used in this study had a high power of individual identification, according to CPI values (<0.01) calculated for all panels.
New microsatellite multiplex groups were created for Panel-8 and Panel-9 with a high CPE in accordance with the Beckman Coulter Genetic Analysis System in order to enable the achievement of faster PCR reaction. These multiplex groups are given in Tables 6 and 7 .
Discussion
The overall value of the effective number of alleles was 5.39. Although the values obtained were higher than those of some previous studies (26, 33, 34) , they were lower than those of other previous studies (35) (36) (37) (38) . It is thought that the differences may have occurred as a result of the different breeds and microsatellites involved in the previous studies. The polymorphism information content (PIC) value obtained (0.78), an important criterion in the selection of microsatellites for the paternity tests, was significantly higher in similar studies (26, 34, (39) (40) (41) . The PIC values obtained indicated that the microsatellite markers used can be utilized effectively in paternity analysis for this breed. The means of expected and observed heterozygosity (He and Ho) are similar to those of past studies conducted in different sheep breeds (26, 33, 37, 38, 40) .
Probability of exclusion (PE) and probability of identity (PI), which are vital parameters for parentage analysis, were determined for this studied population. The values obtained for these 2 important parameters were paralleled in previous studies (25, 26, 42) . Deviation from the HWE in the population studied is an expected result of the longrunning selection program in the population, which is performed to avoid inbreeding.
The null allele was observed as a result of a lack of the microsatellite primer annealing to template DNA during the amplification stage of PCR. Dakin and Avise (43) reported that a null allele frequency value of less than 0.20 did not threaten the accuracy of the paternity test. In this context, the defined null allele frequencies indicated that the loci studied can be safely used in paternity tests for the Kangal Akkaraman breed. Pedigree errors have been reported to vary between 5% and 20% in past studies conducted in livestock (1, 44) . In this regard, the pedigree error rate described in this study can be considered relatively low for farm animals. Na: Number of allele; Ne: number of effective allele; Ho: observed heterozygosity; He: expected heterozygosity; PIC: polymorphic information content; PE: probability of exclusion; PI: Probability of identity; HWE: Hardy-Weinberg equilibrium; F (Null): Null allele frequency; ns: nonsignificant * P < 0.05; ** P < 0.01; *** P < 0.001. MNa: Mean number of allele; He: expected heterozygosity; PIC: polymorphic information content; CPE: combined probability of exclusion; CPI: combined probability of identity.
The mean number of alleles (MNa) and expected heterozygosity obtained from the panels were higher than in previous studies (12, 26) . The linear relationship between PIC and PE values in the present study is consistent with those in the relevant literature (12, 26, 42, 45) .
The recommended minimum CPE value for the true father to be identified with high accuracy is reported as 0.999 (44, 46, 47) . In that respect, it can be said that Panel-8 and Panel-9 could be used with confidence for the paternity analysis, considering the CPE values obtained from these panels. There is no doubt that using a great number of microsatellite markers for paternity testing will increase CPE values. On the other hand, this would be a time-consuming and expensive paternity testing process. In light of the foregoing information, we can clearly state that Panel-8 and Panel-9 were cheaper and more practical when compared to the other panels introduced in the present study. CPI values obtained are within the acceptance limits specified by Waits et al. (48) .
It has become possible to amplify DNA with microsatellite markers in a single PCR reaction using Panel-8 for the paternity test performed in Kangal Akkaraman sheep. Assessment results obtained for paternity testing panels in this study showed that Panel-8 (CPE = 0.9988) had a clear advantage in terms of reliability, speed, and cheapness for paternity test studies to be applied in the Kangal Akkaraman sheep population.
Although paternity tests are expensive and timeconsuming, they are an essential practice in sheep husbandry. It is crucial that paternity test methods CPE: combined probability of exclusion. 
